Abstract Some birds in noisy areas produce songs with higher frequency and/or amplitude and altered timing compared to individuals in quiet areas. These changes may function to increase the efficacy of acoustic signals by reducing masking by noise. We collected audio recordings of redwinged blackbirds and measured noise levels. We found that males in noisier places produced songs with fewer syllables and slower repeat rate of elements in some components (rattles). Birds may also improve the efficacy of communication in noise by increasing usage of other signaling modalities. Red-winged blackbirds also perform a visual display in different intensities while singing. We also tested whether this species performs the visual display in different intensities according to current noise levels, and predicted that if the efficacy of songs is impaired in noisy places, males would compensate by performing a more intense visual display. For this, we also collected visual recordings from the same males from which we obtained acoustic recordings. We found no association between acoustic noise and the intensity of the visual display; thus, our results do not support the idea that males are using the visual display as a backup signal to communicate under acoustic noise. We discuss some possible explanations of this negative finding and for the observed noise-related changes in song length and rattle rate in the context of communication under noise.
Introduction
Urban noise can have negative effects on bird species. Several studies have found a reduced number of species or individuals with increasing noise (e.g., Rheindt 2003; Francis et al. 2009; Blickley et al. 2012; McClure et al. 2013) , and some studies have suggested a link between noise and reduced breeding success (Halfwerk et al. 2011a; Kight et al. 2012; Schroeder et al. 2012) . By masking the acoustic signals of birds, noise can impair communication and potentially interfere during social interactions (Brumm and Slabbekoorn 2005; Patricelli and Blickley 2006; Warren et al. 2006; Ríos-Chelén 2009; Brumm and Zollinger 2013; Slabbekoorn 2013; Gil and Brumm 2014) . Direct evidence that noisy environments can affect the outcome of female mate choice and male-male vocal interactions is now accumulating (Swaddle and Page 2007; des Aunay et al. 2014; McMullen et al. 2014) ; these effects may contribute to the observed reduction in avian richness, abundance, and poor reproductive success. Noise may also be beneficial in some cases; for example, Francis et al. (2009) found higher nest success for some species in areas with high noise levels compared to similar, quieter areas. This increase may be an indirect effect caused by reduced interspecific competition and/or reduced predator abundance in noisy areas.
In some bird species, individuals in areas with higher anthropogenic noise sing songs with higher frequency (i.e., pitch), than individuals in quiet areas (e.g., Slabbekoorn and Communicated by H. Brumm Peet 2003; Fernández-Juricic et al. 2005; Slabbekoorn and den Boer-Visser 2006; Wood and Yezerinac 2006; Bermúdez-Cuamatzin et al. 2009; Hu and Cardoso 2009; Nemeth and Brumm 2009; Potvin et al. 2011) . These and other noise-related changes in acoustic signals may improve the efficacy of communication in noise (Lohr et al. 2003; Halfwerk et al. 2011b; Pohl et al. 2012 Pohl et al. , 2013 . Because most energy of urban noise is found at low frequencies, an increase in song frequencies may reduce noise masking. These changes may arise during ontogeny due to selective learning of the songs most easily heard (Luther and Baptista 2009; Ríos-Chelén et al. 2012) , and/or these changes may reflect behavioral plasticity, with birds changing their songs in Breal-time^while experiencing different noise levels (Tumer and Brainard 2007; Halfwerk and Slabbekoorn 2009; Gross et al. 2010; Verzijden et al. 2010; Bermúdez-Cuamatzin et al. 2011) . These changes in vocalizations may also arise through evolutionary divergence among populations, though there is little evidence of genetic differences between populations in noisy and quiet areas (Partecke et al. 2004 (Partecke et al. , 2006 ; but see Partecke and Gwinner 2007) . Whether or not an increase in pitch represents an adaptation to deal with noise has been recently debated (Nemeth and Brumm 2010; Atwell 2011, 2012; Nemeth et al. 2012; Slabbekoorn et al. 2012; Zollinger et al. 2012; Nemeth et al. 2013; .
Animals can use a variety of other strategies to cope with noise, including singing at other times of the day when noise levels are lower (Fuller et al. 2007; Gil et al. 2015) , increasing song redundancy (Brumm and Slater 2006) and amplitude (Brumm 2004) , increasing vocal activity (Díaz et al. 2011) , increasing sound tonality (Hanna et al. 2011) , song length or number of elements (Francis et al. 2011; Ríos-Chelén et al. 2013) , and syllable length ). All of these vocal modifications may result in a higher probability of being heard in a noisy environment.
In addition to changing properties of their vocalizations, it is possible that birds could also increase their emphasis on the visual channel of communication to cope with acoustic noise (Brumm and Slabbekoorn 2005; Patricelli and Blickley 2006; Partan et al. 2010; Partan 2013 ). This may be expected if multimodal signals act as redundant or backup signals (Møller and Pomiankowski 1993; Hebets and Papaj 2005; Partan 2013) , with birds shifting more toward the visual modality when the acoustic modality is less effective. It might also be expected if the visual components of the signal function to capture attention for the acoustic signal (Hebets and Papaj 2005; Partan and Marler 2005) , with the need for such attention increasing in acoustic noise. For example, Amézquita and Hödl (2004) found that Amazonian tree frogs (Hyla parviceps) use a variety of acoustic and visual signals in male-male interactions (i.e., calling, and foot and arm movements), suggesting that the use of both acoustic and visual modalities may enhance the probability of being detected in an acoustically noisy background (see also Grafe and Wanger 2007) . Similarly, many bird species are colorful and perform visual displays during social interactions (e.g., Smith 1967; Malacarne et al. 1991) , and it is possible that these species will modify their vocalizations as well as their visual displays to improve the probability of being detected in an acoustically noisy background.
To test the possibility that birds change their acoustic and visual signals to deal with acoustic noise, we collected audio and video recordings of red-winged blackbirds (Agelaius phoeniceus) singing under different levels of anthropogenic noise. The red-winged blackbird is a sexually dimorphic species, with males having a slightly larger body size than females and black plumage with red epaulets on their wings. This is an ideal species on which to examine visual and acoustic signaling in noise because singing males perform a visual display (i.e., the song-spread display) in which the wings are spread and the red epaulet is erected (Peek 1972; Searcy and Yasukawa 1995; Beletsky and Orians 1996) . Peek (1972) showed that both males who were unable to sing and males whose red patches were dyed black, or cut off with scissors, had more difficulty defending their territories than unmanipulated males. This suggests that both acoustic and visual signals play a role in territorial defense in this species (see also Yasukawa 1981a; Roskaft and Rohwer 1987; Weatherhead 1991, 1992) . Males can perform the visual display with different intensities, ranging from high-intensity displays involving wings spread broadly and epaulets fully erected, to incipient displays involving little to no visual display (Peek 1972) . Yasukawa (1978) found that the intensity of the visual display reflects the level of aggressive motivation toward other males, with higher intensity displays used more often during close confrontations and before attacks (see also Peek 1972) . Peek (1972) also found an association between higher-intensity visual displays and the presence of females.
In the present study, we tested whether red-winged blackbirds show differences in their songs and intensities of the visual display with different noise levels. We predicted that males should perform the visual display at higher intensity in noisy areas. This could be the case if a high intensity display is more conspicuous than a low intensity one and thus increases the chances of being detected under acoustic noise.
Material and methods

Study site and recordings
From May 18 to June 8, 2012, and from around 6:20AM to 10 AM, we recorded red-winged blackbirds near Davis, CA, USA. Because males were not color banded, we minimized the probability of recording each male more than once by recording them as observers followed a single direction from one point to another and not recording males that were left behind and that were <100 m away from each other. We recorded from multiple males closer than 100 m apart only when more than one male could be observed simultaneously in a single area to assure that they were different individuals. Males were also video recorded with a Sony Handycam HDR-CX260 placed on a tripod. While one observer was recording the visual displays, another one was recording the songs of the same individual. Observers' comments about the behavior of the focal male (e.g., which songs were produced by the focal male, whether he flew, etc.) were recorded both in the visual and audio files, allowing us to synchronize audio and video recordings of events. For each recording session, we also counted the number of males (singing or not) that were <50 m from our focal male.
Most noise in this study came from motor vehicles and airplanes. While recording each male, we occasionally measured the noise levels during silent intervals when the bird was not singing (mean=2.2 times per male). After we stopped recording the focal male, we also obtained six additional noise level measures pointing the microphone of a Larson Davis System 824 sound level meter (slow response; with wind screen) toward the sky and taking a measure every 10 s for 1 min. These measures (from when the bird was singing and afterwards) were averaged for each individual and used in further analyses. All amplitude measures are presented as Aweighted dB SPL (re 20 μPa). Because higher pitched sounds can attenuate more rapidly with distance than low frequencies in environments with objects (trees, bushes, and leaves; Bradbury and Vehrencamp 2011), we also obtained a measure of distance between the observer and the focal male whenever the bird was perching or changed to another perch. We used a Leupold RX-750 True Ballistic Laser Rangefinder for these readings.
Song measures
With our total sample of 74 males, we calculated the proportion of males that sang songs with rattles (see discussion of rattles below). However, for further and more detailed song measures and analyses, we used a subset of 69 males where the recording quality was good enough for more detailed acoustic measures. For each of these males, song types were categorized by visual inspection of spectrograms, based on similarity of the content and order of syllables (Searcy and Yasukawa 1983; Patricelli et al. 2008 ). When we had more than two examples of a song type from a single male, we chose the two songs of each song type with the highest recording quality for measurements.
To measure the songs, we generated spectrograms and power spectra in Raven Pro v.1.4 (windows, Hann; FFT, 512; overlap, 50; frequency resolution, 86.1 Hz). For the entire song, we measured the following song parameters: song minimum and maximum frequencies (Hz) with power spectra (see below), song length (s) with spectrograms (see below), and song frequency range (song maximum frequency-song minimum frequency, Hz). We also counted the number of song syllables (visually distinctive traces in a song in the spectrogram) ( Fig. 1 ) and obtained the syllable rate in the song (number of syllables/s). Temporal measures were done using spectrograms rather than waveforms, and syllables were also selected with spectrograms (see below). Obtaining durations of acoustic signals from spectrograms can potentially bias results due to background noise . To check whether our duration measures taken from spectrogram did not differ from temporal measures taken from waveforms, we randomly selected a subsample of 25 songs with rattles (each song from a different male) encompassing a noise range of 39-67 dB. We remeasured the length of the song, the length of a randomly taken syllable in the song, and the length of the rattle, using spectrograms and waveforms. We found that song length, syllable length, and rattle length did not differ between methods (paired t test: song length, t=−1.07, df=24, P=0.292; syllable length, t = 0.51, df =24, P = 0.615; rattle length, t=1.09, df=24, P=0.284).
To assess more detailed variation in the distribution of energy across the frequency range, we also obtained other frequency measures for each song syllable: peak frequency (the frequency with highest energy, Hz), first quartile frequency (the frequency that divides the sound in two parts containing 25 and 75 % of the energy, Hz), third quartile frequency (the frequency that divides the sound in two parts containing 75 and 25 % of the energy, Hz), frequency 5 % (the frequency that divides the sound into two intervals containing 5 and 95 % of the energy), and frequency 95 % (the frequency at which the energy is divided in two intervals containing 95 and 5 % of the energy). To obtain these acoustic attributes, syllables were selected using spectrograms; Raven automatically measured the acoustic attributes of the selections. All these song syllable attributes were averaged among syllables for each song. We also measured song tonality (Hanna et al. 2011) . However, in preliminary analyses, we found a decrease in song tonality with higher noise levels (data not shown); this was probably a noise artifact, whereby higher background noise levels from our treatments increased entropy. Therefore, song tonality was not included in the final analyses.
Some songs had rattles, which are repetitions of the same element type (Fig. 1 ). An element was considered as a trace in the spectrogram within the rattle. Songs from other redwinged blackbird populations also show a sequence of syllable repetitions at the end of the song, typically called a Btrill,ŵ hich plays an important role in species recognition (Beletsky et al. 1980; Brenowitz 1982) . However, the rattles we found in this population are slower and shorter than the trills found in other populations (compare Fig. 1 this study, with Figs. 1 and 2 in Kroodsma 1994) , and are usually not the last syllable of the song. For this reason, we refer to the element sequences found in our study as rattles rather than as trills. A rattle was considered as a single syllable. For the rattles, we measured the same attributes as for the entire song as described above. We also counted the number of elements in each rattle and calculated their rate (rattle rate, elements/s). For descriptive purposes, and because the rattles are not always placed at the end of the song as is usually the case with the trills of other red-winged blackbird populations (see above), we also described the relative position of the rattles within the songs. We classified the rattles as being at the beginning, middle, or end of the song if it was located somewhere in the first part of the song (i.e., with more song syllables after than before the rattle), exactly in the middle of the song (i.e., with the same number of song syllables after and before the rattle), or in the second part of the song (i.e., with more syllables before than after the rattle), respectively. This song has nine different syllables (distinctive concentrations of energy). Black lines with numbers were added above each syllable to aid interpretation. Syllable 8 is a rattle Fig. 2 Song peak frequency, song thirdqfreq (third quartile frequency), and time of the day. Birds apparently sang songs with a lower peak frequency (a) (P=0.022), and song thirdqfreq (b) (P=0.028) later in the morning. Time of the day is given in hours (i.e., 6.5 h=6:30AM)
To measure the minimum and maximum frequencies of each complete song and rattles, we used a power spectrum to determine the frequency that corresponded to a drop in energy of 10 dB from the amplitude of the peak frequency; we took as the song minimum and maximum frequencies those that corresponded to this drop in the lower and higher part of the frequency axis, respectively. The advantage of this technique is that it is not prone to observer bias, and the resulting measure is not affected by the level of background noise (Podos 1997) .
Measuring the minimum and maximum frequency of songs with a 20-dB threshold did not change the direction of our results (data not shown), but considerably reduced the sample size (from 69 to 59 males).
Scoring visual displays
We scored the visual display following Peek (1972) . We used his scale, and terminology, ranging from 1 to 4, with one being an incipient visual display and four representing a high intensity visual display. An incipient display (1) corresponds to a condition where the singing bird keeps its wings folded and the tail is slightly fanned; a low intensity display (2) occurs when the wings are moved away from the body and the tail is lowered and fanned; a moderate display (3) refers to a display where the wings are well extended from the body, the tail lowered and fanned, and the epaulets raised and exposed; and a high intensity song spread (4) occurs when the individual fully extends its wings from the body, the tail is extremely lowered and the bird has a disc-like shape (Peek 1972) . For photographs of different intensities, see Nero (1956) . For each measured song, we scored its associated visual display.
Statistical analyses
We examined the relationships between each of our noncorrelated song attributes (see below) and several independent variables: noise level, locality, date, time of day, distance from the observer to the focal bird, and number of males within 50 m. Most acoustic and visual measures were normally distributed (Kolmogorov-Smirnov, P>0.05), except song maximum frequency, and number of song types sang by each male.
Some song attributes were intercorrelated (Table 1) . We checked song maximum frequency separately as it was not normally distributed. This song attribute was also correlated with other song parameters: Song maximum frequency was correlated with song frequency range (r = 0.951, P < 0.001, n= 68), and with song frequency 95 % (r= 0.417, P =0.001, n =67). For further analyses, we used only those song parameters that were not intercorrelated, that is, song minimum frequency, song peak frequency, song third quartile frequency, song frequency 95 %, and number of song syllables. Some rattle attributes were also intercorrelated ( Table 2) . As with song variables, for further analyses, we used only those rattle attributes that were not correlated, that is, rattle minimum frequency, rattle frequency range, and rattle rate. The noncorrelated attributes were entered into stepwise regression analyses (where measures were entered stepwise) as dependent variables to investigate a possible relation with any of our independent variables (noise level, site, date, time of day, number of males within 50 m, and distance from the observer to the bird). We averaged song measures for each individual so that each data point represents a single individual in the analyses. The intensity of the visual display was also analyzed with a stepwise regression, taking into account all the independent variables. The scored visual displays were averaged for each male, and these values entered into the stepwise regression model, so each data point represents a single bird. Number of different song types sang by each male was not normally distributed and was analyzed with Spearman correlation (to check for a correlation with noise, date, distance, number of males, and time of day) and Kruskal-Wallis test (to check for differences among localities). We used SPSS Statistics v.17.0 for all statistical analyses.
Results
General
Individuals were recorded a mean (±SE) of 174.7±28.9 s (range, 7-1158 s). We recorded 540 songs from the total sample of 74 males (mean±SD=7.3±5.6 songs per male). Within this sample, we found that some males sang only one song type during the recording bout, while others produced up to three song types (mean±SD=1.3±0.60 song types per male). From the total sample of 74 males, 43 (58.10 %) produced songs without rattles, 23 (31.08 %) produced songs with rattles, and 8 (10.81 %) produced a combination of songs with and without rattles. The 31 males that produced songs with rattles sang 38 different song types with rattles. The rattle of the majority of these song types (26 song types, 68.42 %) was placed somewhere at the end of the song; 7 song types (18.42 %) had their rattle somewhere at the beginning of the song; 4 song types (10.52 %) had two rattles, one at the beginning and one at the end of the song; we found only one song type (2.63 %) with its rattle at the middle of the song. For definitions of Bat the end of the song,^Bat the beginning of the song,^and Bat the middle of the song,^see above (BSong measures^). Only five song types had their rattle at the very end of the song (i.e., the rattle being the last syllable in the song).
For further analyses, we used a subset of 69 males from whom we obtained higher-quality recordings; this encompassed a wide range of noise levels (see below, BNoise levels^). Most males (67 out of 69, 97 %) did not share song types in our sample. Even though we recorded a total of 540 songs, when we had more than two songs of the same type per male, we chose to measure only two of them; this was done for a subset of 69 males (see BSong measures^). Thus, we measured a total of 154 songs (mean±SD=2.2±0.95; range, 1-5 songs/ male) for detailed acoustic analyses. Table 3 shows descriptive statistics for each of the measured song and visual attributes.
Noise levels
Noise levels differed between some localities (ANOVA: 
Song attributes
When we considered our song attributes, we found that song minimum frequency was not related to any of our independent variables and, thus, did not enter the model. We recorded songs with lower peak frequency and lower third quartile frequency during later times of the day (stepwise regression: R 2 =0.111, song peak frequency, β= −124.68, SE=52.68, P=0.022, Fig. 2a ; R 2 =0.105, song third quartile frequency, β=−72.35, SE=31.87, P=0.028, Fig. 2b ). Song frequency 95 % was not associated with any of our independent variables, and these were not entered into the model. Birds in noisier places sang songs with less syllables than their counterparts in quieter areas (stepwise regression: R 2 =0.195; noise, β=−0.107, SE=0.032, P=0.002, Fig. 3 ). Shorter songs may be associated with a higher song rate; however, we found no significant association between number of song syllables and song rate (Pearson's correlation: r=0.11, P=0.398, n=55) or between song rate and noise level (Pearson's correlation: r=−0.04, P=0.779, n=55).
When the stepwise regressions were performed on rattle attributes, we found no association between rattle minimum frequency, rattle length, and rattle frequency range, and our independent variables; thus, these independent variables were not entered into the model. We found that, in noisier places, birds sang slower rattles (stepwise regression: R 2 =0.248; rattle rate, β=−1.232, SE=0.52, P=0.030, Fig. 4) . Slower rattles were a product of singing rattles with fewer elements (Pearson's correlation, rattle rate vs. number of elements in the rattles: r=0.641, P<0.001, n=27, Table 2 , Fig. 5a ) and of increasing rattle length (Pearson's correlation, rattle rate vs. rattle length: r=−0.599, P=0.001, n=27, Fig. 5b ). When an outlier was removed from this last correlation, the association between rattle length and rattle rate was still significant (r=−0.606, P=0.001, n=26, Fig. 5b ). The number of elements in rattles was not significantly correlated to noise level (r=−0.304, P=0.124, n=27, Fig. 6a ). Rattles were longer in noisy places (r=0.485, P=0.010, n=27, Fig. 6b ). However, this correlation was dependent upon an outlier; after removing Mean mean values obtained among males, SD standard deviation of the mean, Minimum mean minimum value, Maximum mean maximum value, N number of males this data point, the association became nonsignificant (r=0.28, P=0.165, n=26, Fig. 6b ). Number of song types sung by each male was not related to noise level, distance, number of males, date, time of day (Spearman's correlation, P>0.3 in all) or to locality (Kruskal-Wallis, P>0.7).
Visual display
No independent variable (noise, site, date, time of day, number of neighbors, and distance) explained variation in the intensity of the visual display, and thus, none were entered into the stepwise regression model.
Discussion Acoustic communication in noise
We found that male red-winged blackbirds produced songs with fewer syllables in areas where noise levels were higher. This decrease in number of syllables was not related to increased song repetition rate, suggesting that males are not producing shorter songs to increase song rate and improve the chances of signal detection under intermittent noisy conditions. Previous studies in different animal taxa have found an increase in syllable length (e.g., Brumm et al. 2004; Foote et al. 2004; Love and Bee 2010; Bermúdez-Cuamatzin et al. 2011 ) and evidence for increased song length or number of song elements (Francis et al. 2011; Ríos-Chelén et al. 2013) with increased noise. These changes are consistent with signal detection theory, which predicts that longer signals are easier to detect and discriminate under noisy conditions (Brumm and (2010) speculated on the possibility that shorter songs come about by removing the syllable(s) with lowest frequency, which could increase the overall signal/noise ratio of the song. The fact that we did not find a significant association between noise and song minimum frequency casts doubts on this possibility for our study. This negative result cannot be explained by differences in noise levels between this and other studies since we included similar or even bigger ranges in noise levels than other previous studies that found an association between noise and vocal attributes (e.g., Slabbekoorn and Peet 2003; Brumm et al. 2004; Love and Bee 2010; Bermúdez-Cuamatzin et al. 2011 ). Similar to our study, another study with red-winged blackbirds also found songs with fewer syllables in noisier places (Cartwright et al. 2014) . It is possible that the number of syllables is correlated with another unmeasured song parameter such as song amplitude and that birds face a trade-off between singing loud and long songs in noisy areas. It would be interesting in future studies to investigate whether redwinged blackbirds produce louder vocalizations in noisy places as has been found for several bird species and other animals (review in Brumm and Zollinger 2011) , and whether different song types are associated with different amplitudes. Although several studies have found a positive correlation between song frequency measures and noise levels (reviews in Brumm and Slabbekoorn 2005; Patricelli and Blickley 2006; Ríos-Chelén 2009; Brumm and Zollinger 2013; Gil and Brumm 2014) , most oscine passerines studied so far do not increase the minimum frequency of their vocalizations in response to noise. Of 48 investigated oscine species in studies that looked at vocal parameters in relation to noise (Table 7 .3 in Brumm and Zollinger 2013), 29 species (60.4 %) were reported to show some change in frequency measure (including the minimum frequency), but only 20 species (41.6 %) were reported to show changes in minimum frequency (review in Brumm and Zollinger 2013) . Ríos-Chelén et al. (2012) found that the minimum frequency of learnt vocalizations (i.e., oscine songs) show a tighter adjustment (i.e., bigger effect size) with noise levels than the minimum frequency of nonlearnt vocalizations (i.e., sub-oscine songs), presumably because the scope for song variation is related to the process of song learning (Kroodsma 1982) . Studies on vocal pitch adjustment to noise for one type of presumably nonlearnt vocalization, bird call, have reported different results: While there are studies showing an association between noise and call minimum frequency (Leonard and Horn 2008; Potvin et al. 2011; , a recent study by Grace and Anderson (2015) found no association between the minimum frequency of Carolina chickadees (Poecile carolinensis)'s calls and noise levels. Grace and Anderson (2015) also remarked the importance of measuring minimum frequencies using power spectra (as we did in the present study), rather than from spectrograms, to avoid the possibility of measuring bias resulting from masking noise. A study in a different red-winged blackbird population in Canada found no association between noise and the minimum frequency of trills (Hanna et al. 2011) . Thus, the evidence supports the idea that red-winged blackbirds do not change the minimum frequency of the trill (Hanna et al. 2011) or the song (this study) to deal with noise. Nemeth and Brumm (2010) showed that an increase in song amplitude has a larger effect on communication distance than an increase in song pitch. However, a shift in frequency may be a valuable mechanism by which some birds respond to noise (see also . Fig. 6 Noise, number of rattle elements, and rattle length. Noise level was not significantly correlated with the number of rattle elements (a) (P=0.124). As noise level was higher rattles were longer (b) (P=0.010). However, this correlation should be taken causiously because, after removing the outlier (upper data point), this correlation became nonsignificant (P=0.165)
We also found that song peak frequency and song third quartile frequency were negatively related to time of day, a variable that has not been included in many previous studies. On average, we recorded lower pitched songs later in the morning. The fact that some other correlative studies have not included time of day rises the possibility that some of the reported results in the literature have been confounded with this variable. It is known that higher frequency sounds are more attenuated than lower pitched ones in hot and dry air conditions (Wiley and Richards 1982; Slabbekoorn 2004; Catchpole and Slater 2008) . If temperature rises and humidity decreases later in the morning, this could explain our negative association between song pitch and time of day. Alternatively, red-winged blackbirds may indeed be singing lower pitched song types later in the morning as a way to enhance sound transmission. These two nonmutually exclusive possibilities await further research.
We also found that birds produced slower rattle rates as noise levels were higher. Slower rattle rates result from a decrease in the number of rattle elements and an increase in the length of the rattle. Longer rattles are consistent with the idea that longer sounds are easier to detect (Brumm and Slabbekoorn 2005) , and our results parallel previous studies that have found increased vocalization length with noise (e.g., Brumm et al. 2004; Foote et al. 2004; Love and Bee 2010; Bermúdez-Cuamatzin et al. 2011; Francis et al. 2011; Ríos-Chelén et al. 2013) . Indeed, sounds of the order of a few hundred milliseconds, like rattles (mean, 125 ms, Table 3 ), are more easily detected (i.e., at a lowered amplitude) if they are longer (e.g., Dooling 1979; Dooling and Searcy 1985; Brown and Maloney 1986) , and a recent study on great tits (Parus major) showed the benefits of increased detectability of longer sounds under natural and urban noisy conditions (Pohl et al. 2013) . However, the interpretation that redwinged blackbirds are singing longer rattles in noisy places as a way to aid signal detection should be taken cautiously because the positive association between noise and rattle length was dependent upon one outlier. The association between noise and rattle rate was more robust. Some studies have found different repetition rates of acoustic elements (e.g., songs, elements, pulses) associated with different noise levels: in birds (e.g., Slabbekoorn and Smith 2002; Slabbekoorn and den Boer-Visser 2006) , fishes (Picciulin et al. 2012) , whales (Lesage et al. 1999) , and frogs (Kaiser and Hammers 2009) . It remains to be investigated whether different rattle rates convey a detection advantage in noisy conditions. In any case, noise-related modifications in rattles could have consequences if rattles convey important information to receivers. Previous studies have found evidence that trills convey species identity in other red-winged blackbird populations (Beletsky et al. 1980; Brenowitz 1982 Brenowitz , 1983 . However, this possibility is unlikely in our study population because, unlike many other red-winged blackbird populations where trills are present in all or nearly all songs, the majority of our males (58 %) did not include rattles in their songs during the sample period. Additionally, the rattles that we found were quite different from other rattle-like components (i.e., trills) reported for other populations (Beletsky et al. 1980; Brenowitz 1983; Searcy 1990; Patricelli et al. 2008 ): Our rattles are shorter, slower, and often present somewhere else in the song, rather than exclusively at the end (Fig. 1) : From 38 song types with rattles, we found that the rattle of only five of them was the last syllable of the song. Further, Beletsky et al. (1980) found that in order for the trill to function in species recognition, it must be longer than 180 ms; this is longer than the mean rattle length in our population (Table 3 ). These results suggest that the rattles may not have the same species identification function as trills. Kroodsma (1994) similarly found songs without trills in other California red-winged blackbird populations. One possible explanation for a lack of trills in our sample (and lack of rattles in the majority of males) is that they were lost or altered through a process of character displacement, facilitating easier discrimination of songs from sympatric icterid species (Smith and Reid 1979; Yasukawa et al. 1980; Yasukawa 1981b; Brenowitz 1983) . A study on red-winged blackbird songs by Hanna et al. (2011) found no differences in trill length when males were exposed to experimental noise, further suggesting that the rattle and trill have different functions.
Differences in great tit songs from noisy and quieter places seem to come about by singing different song types (Slabbekoorn and den Boer-Visser 2006) . Because the majority of male red-winged blackbirds (97 %) in our sample did not share song types, our observed differences in songs (shorter songs and slower rattle rates in noisy places) can also be attributed to the production of different song types. Cartwright et al. (2014) also found that male red-winged blackbirds sing less in the morning and evening and show a less marked drop in song activity during midday in urban (noisy) habitats than in rural (more quiet) ones. Thus, it appears that birds in noisy places shift their song timing towards quieter times of the day. Hanna et al. (2011) found that tonality of redwinged songs was higher as noise increased. Thus, our study adds to the evidence of noise-related changes in red-winged blackbirds songs.
Visual communication in noise
We did not find support for our prediction that birds would perform the visual display in a more intense way in noisy conditions. One possible explanation for this finding is that males do not use the visual display as a backup signal to compensate for decreased efficacy of acoustic signals. There is evidence that visual and acoustic displays may function in different social contexts, suggesting that these traits convey different information. Peek (1972) proposed that red-winged blackbird songs function as a first line of territorial defense for long distances, while the visual display may function for shorter distance interactions. Peek (1972) found that males produced more visual displays of high intensity (levels 3 and 4) when a conspecific (male or female) was close to the focal male. Yasukawa (1978) found that the intensity of the visual display may be a signal of aggressive intent. Therefore, the intensity of the visual display in red-winged blackbirds depends at least in part on the social context in which they are produced (see also Yasukawa 1981a; Roskaft and Rohwer 1987; Metz and Weatherhead 1992) . If visual and acoustic signals are varied in part in response to different social stimuli, this may preclude their use as redundant backup signals. In addition, this social influence complicates any predicted association between noise and the intensity of the visual display in an observational study such as this, where the social circumstances are not controlled. Similarly, a study with tree swallows (Tachycineta bicolor) found no association between the intensity of the posture when chicks were begging for food and noise levels (Leonard and Horn 2005) . Finally, while we did not find evidence of an increased reliance on visual signals in areas where acoustic communication may be impaired by noise, it would be interesting to address this possibility in other species. This type of compensation may be more likely when visual and acoustic signals have similar functions and may serve as redundant signals (e.g., in the gray squirrel Sciurus carolinensis, Partan et al. 2010; review in Partan and Marler 2005) .
In future studies, it would be important to further address the possible effects of noise-related changes in signals during social interactions. This is a subject that has started to be studied in a few bird species (Mockford and Marshall 2009; Ripmeester et al. 2010; Halfwerk et al. 2011b ), but much more research is necessary to establish whether or not noise induced shifts in vocalization (and in other channels of communication) confer benefits and costs (Read et al. 2014) to animals in terms of, for example, communication efficacy, sexual selection, and reproduction.
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